Alzheimer's disease (AD) is the most prevalent neurodegenerative disease pathologically characterized by extracellular A␤ amyloid plaques, intracellular neurofibrillary tangles, and extensive neuronal death. Amyloid precursor protein (APP) is the precursor of A␤ with a single transmembrane structure. V642I/F/G mutations in APP 695 (the numbering is based on Kang et al., 1987) were the first established causes of familial AD (FAD) (Hardy, 1992) . It has been found that any of the three V642I/F/G mutants of APP causes cell death, when the cognate cDNAs are expressed in NK1 cells, a neuron-like transformant of COS cells (Yamatsuji et al., 1996a; Giambarella et al., 1997a,b) , in neuron/ neuroblastoma hybrid F11 cells (Yamatsuji et al., 1996b; Hashimoto et al., 2000a) , in PC12 cells (Wolozin et al., 1996; Zhao et al., 1997) , and in primary cultured central neurons (Luo et al., 1999) . Subsequent studies (Yamatsuji et al., 1996a,b; Wolozin et al., 1996; Giambarella et al., 1997a; Hashimoto et al., 2000a) have clarified that V642I-APP, K595N/M596L-APP, and N141I-presenilin (PS)-2, the genes causing FAD, induce neuronal cell death through pertussis toxin (PTX)-sensitive manner, suggesting that intracellular signal transducers mediate the cytotoxicity of these FAD gene products. Although one potential mechanism underlying the neurotoxicity of the FAD genes could be that neuronal death occurs by cytotoxic A␤ (Loo et al., 1993) , particularly A␤1-42, whose secretion is stimulated by the FAD genes (Citron et al., 1992; Cai et al., 1993; Suzuki et al., 1994; Yamatsuji et al., 1996b) , even A␤ triggers intracellular signaling mechanisms (Mark et al., 1997; Pike et al., 1997; Lee et al., 2000; Miranda et al., 2000; Nakagawa et al., 2000) to exert its neurotoxicity. Therefore, effective countermeasures against neuronal cell death in these types of FAD might be feasible even after A␤ deposition if the countermeasures could suppress death signals inside the neurons expressing the FAD genes.
A few years ago, Dore et al. (1997) found that insulin-like growth factor-I (IGF-I) exerts protective activity against A␤-induced neurotoxicity and suggested that IGF-I could be a new therapeutic reagent for AD. However, no information has become available regarding whether IGF-I is effective in protection against cell death induced by FAD genes. Also, although those authors assumed the involvement of the IGF-I receptor (IGF-IR) in neuroprotection by IGF-I, based mainly on the lower potencies of IGF-II and insulin, no direct evidence was provided. Identifying the target receptor for the action of IGF-I in antagonizing AD-related insults is extremely important not only to understand the protection mechanism but also in creating small-molecular weight IGF-I mimetics with anti-AD activity. In this study, we examined whether IGF-I can antagonize cell death caused by V642I-APP in cultures, found that it does antagonize against V642I-APP-induced cell death in an IGF-binding protein (IGFBP)-sensitive manner, and demonstrated that IGF-IR mediates this action of IGF-I.
MATERIALS AND METHODS
Wild-type APP 695 (wtAPP) and V642I mutant of APP 695 (V642I-APP) cDNAs were described previously (Yamatsuji et al., 1996a) . Wild-type human IGF-IR (wtIGF-IR) and IGF-IR mutants were described previously (Takahashi et al., 1995) . Recombinant human IGF-I and des(1-3)IGF-I were from Fujisawa Pharmaceutical (Osaka, Japan) and Peninsula Laboratories (San C arlos, CA), respectively. We also used IGF-I from Boehringer Mannheim (Mannheim, Germany) and BectonDickinson (Franklin Lakes, NJ), each of which yielded similar results. Insulin and EGF were from Sigma (St. L ouis, MO); PDGF and IGFBP-3 were from Upstate Biotechnology (Lake Placid, N Y); and NGF and IGF-II were from Becton-Dickinson.
For Northern blot analysis, total RNA was extracted from N K1 or F11 cells, and 10 g of total RNA was subjected to agarose gel electrophoresis followed by the transfer to Hybond-N nylon membrane. cDNA fragments used as probes were as follows: EGF receptor (EGFR) cDNA, BamHI fragment (ϳ1 kb); insulin receptor (IR) cDNA, XhoI fragment (ϳ1 kb); IGF-I receptor (IGF-IR) cDNA, NcoI fragment (ϳ1.8 kb); IGF-II /mannose-6-phosphate receptor cDNA, HindIII fragment (ϳ1.5 kb); p75 low-affinity NGF receptor (L NGFR) cDNA, HindIII-XbaI fragment (ϳ1.6 kb); TrkA cDNA, BamHI-NheI fragment (ϳ1.2 kb); PDGF receptor (PDGFR) ␤ cDNA, sense (5Ј-GAT GGA AGG TGA TTG AGT C TG TGA GC T C TG ACG GCC ATG AGT ACA TC T-3Ј) and antisense (3Ј-C TA CC T TCC AC T AAC TCA GAC AC T CGA GAC TGC CGG TAC TCA TGT AGA-5Ј) (annealed and filled with K lenow fragment of DNA polymerase I in the presence of [␣- 32 P] dC TP). Hybridization was performed at 65°C overnight for cDNA probes and at 37°C overnight for the oligonucleotide probe. TrkA cDNA (Meakin et al., 1992) was kindly provided by Dr. Andy A. Welcher, and EGFR cDNA, originally deposited by Dr. T. Yamamoto (The Institute of Medical Science, University of Tokyo, Tokyo, Japan), was kindly provided by RIK EN Gene Bank (Tsukuba, Ibaraki, Japan). IR cDNA and IGF-II /mannose-6-phosphate receptor cDNA used were described previously (Yonezawa et al., 1992; Ikezu et al., 1995) .
For RT-PCR, total RNA (1 g) of N K1 or F11 cells was subjected to one step RT-PCR, which was performed using rTth DNA polymerase (RT-PCR high Plus, TOYOBO). Reverse transcription was performed at 60°C for 30 min followed by 40 cycles of PCR (at 94°C for 1 min and 60°C for 1.5 min). Primers used are as follows: IR, sense primer, 5Ј-GCG ATA  TGG TGA TGA GGA GC T GCA-3Ј and antisense primer, 5Ј-GGT  C TC TGC C TC ACC C TT GAT GAT-3Ј; IGF-IR, sense primer, 5Ј-ACA GAG TAC CC T TTC TTT GAG AGC -3Ј, antisense primer,  5Ј-AAG AAC ACA GGA TC T GTC CAC GAC -3Ј; GAPDH, sense  primer, 5Ј-TCC ACC ACC C TG TTG C TG TA-3Ј, antisense primer,  5Ј-ACC ACA GTC CAT GCC ATC AC -3Ј. For transfection experiments with N K1 cells, as described previously (Yamatsuji et al., 1996a) , cells were seeded at 4 ϫ 10 4 cells per well in a 24 well plate or at 10 6 cells per dish in a 100 mm dish and cultured for 24 hr in DM E plus 10% calf serum (C S) and penicillin -streptomycin. C ells were transfected with cDNA and Lipofectamine (Life Technologies, Gaithersburg, MD) (cDNA and Lipofectamine, 0.5 g and 1 l in a 24 well plate for ELISA, terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling (TUN EL), and immunohistochemical assay; 10 g and 20 l in a 100 mm dish for immunoblotting) in serum-free DM E. This protocol yielded similar expression of cDNAs in these two settings. Media were changed to DM E plus 1% C S after 24 hr serum-free culture. Various growth factors were then added to these media. After 24 hr of incubation, cells were fixed; the APPpositive cells and their nuclei were differentially stained with anti-APP monoclonal antibody 22C11 and acridine orange; and percentages of apoptotic cells with nuclear condensation, fragmentation, and compaction among APP-positive cells were measured, according to the method described previously (Yamatsuji et al., 1996a) . Nucleosomally fragmented DNA was visualized in situ by TUN EL or quantitated by ELISA, as described previously (Yamatsuji et al., 1996a) .
For transfection experiments with F11 cells, which were grown in Ham's F-12 plus 18% fetal bovine serum (FBS) and antibiotics, the protocol was as follows. F11 cells (7 ϫ 10 4 cells per well in a 6 well plate cultured in Ham's F-12 plus 18% FBS for 12-16 hr) were transfected with V642I-APP by lipofection [V642I-APP cDNA 0.5 g, Lipofectamine 1 l, Plus reagent (Life Technologies) 2 l] in the absence of serum for 3 hr, and were incubated with Ham's F-12 plus 18% FBS for 2 hr. Then, culture media were changed to Ham's F-12 plus 10% FBS and IGF-I with or without inhibitors or ␣IR3 (Oncogene Science, C ambridge M A), and cells were cultured for an additional 67 hr. Seventy-two hours after transfection, cell mortality was measured by Trypan blue exclusion assay. Trypan blue exclusion assay was performed as follows. C ells were suspended in cultured medium by pipetting gently, and 50 l of 0.4% Trypan blue solution (Sigma, St. L ouis, MO) was mixed with 200 l of the cell suspension (final concentration 0.08%). Stained cells were counted within 3 min after the mixture with Trypan blue solution to determine cell mortality. The cell mortality assessed by this method thus represents the population of dead cells in total cells, including both adhesive and floating cells, at the termination of experiments. The cell mortality assessed by this method was in a reciprocally linear relationship to the cell viability assessed by WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt], using C ell Counting kit-8 (Wako Chemicals, Tokyo, Japan), as described previously (Hashimoto et al., 2000b) . TUN EL experiments in F11 cells were performed using the protocol described previously (Yamatsuji et al., 1996b) . In brief, 24 hr after transfection with V642I-APP and culture in the absence of serum, cells were treated with IGF-I or des(1-3)IGF-I. TUN EL was performed 24 hr after the onset of the treatment. F11/ ecdysone receptor (EcR)/ V642I cells were described previously (Niikura et al., 2000) . In brief, F11/ EcR / V642I cells were seeded and cultured in the presence of 10% FBS for 24 hr. Then cells were treated with 40 M ecdysone (EcD) in the presence of 10% FBS for 48 hr. IGF-I, IGF-I plus anti-IGF-I antibody, or des(1-3)IGF-I, was incubated with EcD. Anti-IGF-I antibody was IGF-I (Ab-2), which was goat polyclonal antibody neutralizing human IGF-I, purchased from Oncogene.
The catalytically negative procaspase-3 cDNA was constructed from intact procaspase-3 cDNA, provided by Dr. Masayuki Miura (Osaka University, Osaka, Japan), using a kit (C lontech, Palo Alto, CA) and 5Ј-ATT ATT CAG GCC TCA CGT GGT ACA GAA C TG-3Ј (the underlined TCA corresponds to the mutated residue). F11 cells were transfected with catalytically negative procaspase-3 mutant (C Nprocaspase-3) cDNA with pcDNA or V642I-APP cDNA by Lipofectamine Plus (0.4 g of C N-procaspase-3 cDNA, 0.6 g of V642I-APP cDNA, Lipofectamine 2 l, Plus reagent 4 l) in the presence or absence of 10 nM IGF-I or 100 M Ac-DEV D-CHO (Peptide Institute, Minoh, Osaka, Japan). Forty-eight hours after the onset of transfection, cell lysates were submitted to immunoblot analysis with anti-caspase-3 antibody, anti-APP antibody, and anti-actin antibody. The acetyl-L-aspartyl-L-glutamyl-L-valyl-L-aspart-1-al dependent cleavage of C N-procaspase-3 was then assessed. While in this system, we were unable to detect active caspase-3 fragment generated by V642I-APP, this failure was attributed to slow expression of V642I-APP over 1 d and relatively rapid disappearance of the active caspase-3 fragment.
IGF-IR was precipitated by monoclonal anti-IGF-IR antibody ␣IR3. After 12 hr serum starvation, N K1 cells (10 6 cells per well) were treated with 10 nM IGF-I or insulin at 37°C for 2 min. C ells were lysed with 300 l of ice-cold buffer (50 mM Tris-HC l, pH 7.4, 1 mM EDTA, 1% N P-40, 1 mM DTT, 1 mM PMSF, and 1 mM Na 3 VO 4 ). After centrif ugation, the supernatant was incubated with 2 g of ␣IR3 bound to Protein G-Sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden). The precipitate was applied to 7.5% SDS-PAGE, blotted onto a PV DF sheet, blocked with 10 mM Tris-HC l, pH 7.4, 2% skim milk, and 1% BSA, incubated with RC20H [HRP-conjugated anti-phosphotyrosine antibody; 1Ϻ5000 dilution; Transduction Laboratories (Lexington, K Y)] for 1 hr at room temperature, and visualized by ECL.
For the experiments to investigate the antagonism of mutationally activated IGF-IR against V642I-APP-induced apoptosis, cells were transfected with 0.5 g of V642I-APP cDNA with V922E-IGF-IR, V922I-IGF-IR, or wtIGF-IR cDNA (0.5 g each) by lipofection, according to the method described previously (Takahashi et al., 1995) , and apoptotic populations in V642I-APP-expressing cells were measured. V922E-IGF-IR is mutationally activated IGF-IR with augmented tyrosine kinase, IRS-1 phosphorylation, and PI 3-kinase activation (Takahashi et al., 1995) . V922I-IGF-IR is a demonstrated negative control mutant.
RESULTS

Antagonizing effect of IGF-I against V642I-APPinduced cell death
Three FAD-linked V642 mutants of APP transiently expressed in NK1 cells cause apoptotic cell death (Yamatsuji et al., 1996a; Giambarella et al., 1997a) . In this system, the FAD mutants yield the highest incidence of apoptosis among all possible nineteen V642 mutants, and wtAPP exhibits the lowest toxicity, indicating that this apoptosis is linked to the FAD trait. Using V642I-APP and this system, we searched for an antagonizing factor among the known growth factors that have so far been reported to protect against death of cells in various systems: EGF, PDGF, IGF-I, IGF-II, insulin, and NGF. Apoptosis observed in a number of systems has been protected by specific growth factors: for instance, PDGF in glial cells of rat optic nerves (Barres et al., 1992) ; NGF in rat sympathetic neurons and PC12 cells (LeviMontalcini, 1987; Batistatou and Greene, 1991; Mesner et al., 1992) ; FGF in vascular endothelial cells (Araki et al., 1990) ; EGF in embryonal cells (Rawson et al., 1991) ; and IGF-I and -II and PDGF in c-myc-induced apoptosis of Rat-1 cells (Harrington et al., 1994) . Figure 1 indicates that the IGF-I family protected V642I-APPexpressing NK1 cells from apoptosis. One nanomolar of IGF-I, but not that of insulin, significantly suppressed V642I-APPinduced apoptosis, which was strongly antagonized by both IGF-I and insulin at 10 nM, whereas IGF-II showed a much smaller effect. The other factors were without effect up to 100 nM. Both IGF-I and insulin antagonized V642I-APP-induced apoptosis in a dose-dependent manner. The IC 50 values were ϳ0.5 nM for IGF-I and ϳ5 nM for insulin. The expression of V642I-APP was not affected by IGF-I (data not shown), indicating that expression of V642I-APP is not a target of this IGF-I action.
Northern blot analysis revealed that NK1 cells expressed mRNA of 5.8 kb EGF receptor, 9.0 kb IGF-II/mannose-6-phosphate receptor, and 11 kb IGF-I receptor (IGF-IR), but no hybridizable mRNA of TrkA (the expected size, 3.2 kb), p75 low-affinity NGF receptor (LNGFR) (3.8 kb), the PDGF␤ receptor (5.6 kb), or the insulin receptor (IR) (5.5, 6.0, and 7.0 kb) (data not shown). The positive and negative expressions of IGF-IR and IR, respectively, in these cells were confirmed by RT-PCR (Fig. 1, top inset) . The identity of the amplified band to IGF-IR was further confirmed by the positive hybridization of the band with IGF-IR cDNA (Fig. 1, bottom inset) . Consistent with other lines of evidence (see below), these data suggested that the action of insulin was mediated by IGF-IR in these cells.
Blockade of the IGF-I action by IGFBP-3
Serum contains IGFBPs that modulate IGFs-I and -II effects (Baxter, 1991) . Among at least six subtypes of IGFBPs, IGFBP-3 is the major IGF binding activity in serum and is known to affect the pleiotropic actions of IGF-I (Clemmons, 1992) . We thus examined whether IGFBP-3 affects the anti-apoptotic function of IGF-I. IGFBP-3 at 10 nM blocked the anti-V642I-APP effect of IGF-I, whereas IGFBP-3 itself had no effect on V642I-APPinduced apoptosis (Fig. 2 A) . At similar concentrations, IGFBP-3 blocks the prevention by IGF-I of the spontaneous onset of apoptosis in cultured preovulatory follicles (Chun et al., 1994) . Buckbinder et al. (1995) have reported that (1) IGFBP-3 is an autocrine inhibitor of growth that mediates the action of p53; and (2) 10 nM IGFBP-3 is sufficient to completely block mitogenesis by IGF-I. Therefore, the observed inhibition of IGF-I action by IGFBP-3 was reasonable. Combined with the fact that IGFBP-3 does not act on insulin, these results indicate that the observed action of IGF-I is not nonspecific and that IGFBP-3 can nullify the protective action of IGF-I against V642I-APP-induced apoptosis.
The cytoprotective action of des(1-3)IGF-I
The latter finding may be important in planning IGF-I administration in FAD patients carrying the V642I mutation. Because IGFBP-3 is abundantly present in the plasma, exogenously provided IGF-I might be nullified. Considering the fact that the N-terminal 3 residues of IGF-I are essential for the binding to IGFBP-3 (Ross et al., 1989) , we next examined the anti-apoptotic function of des(1-3)IGF-I, which lacks the N-terminal three residues of IGF-I, and its modification by IGFBP-3. Again, 10 nM des(1-3)IGF-I almost completely inhibited V642I-APP-induced apoptosis. The potency was similar to that of IGF-I (Fig. 2 B) . The anti-apoptotic function of des(1-3)IGF-I was not affected by IGFBP-3 (Fig. 2 A) . This suggests that IGFBP-3 blocks the antiapoptotic function of IGF-I through direct interaction.
With two different assays for nucleosomal DNA fragmentation, we confirmed the anti-apoptotic function of des(1-3)IGF-I against V642I-APP. Consistent with the nuclear morphology assay for apoptosis, the ELISA assay of fragmented DNA re- 1, 3, 5) , as described in Materials and Methods. Lane 7 indicates the amplified band for GAPDH as a marker of 450 bp. All amplified bands were with sizes corresponding to the expected sizes, which were 490 bp for IR and 448 bp for IGF-IR. In the bottom panel, the bands in the top panel were transferred onto nylon membrane and hybridized with IGF-IR cDNA probe.
vealed that des(1-3)IGF-I blocked oligonucleosomal DNA fragmentation induced by V642I-APP (Fig. 2C) . We also examined the TUNEL assay. Expression of V642I-APP drastically augmented the in situ labeling of the internucleosomally fragmented DNA in NK1 cells, as reported previously (Yamatsuji et al., 1996a) . 
Anti-apoptotic actions of IGF-I in V642I-APPtransfected neuronal systems
We confirmed the protective action of IGF-I and des(1-3)IGF-I in two different neuronal systems. One was a simple transfection system using F11 neuronal cells (Yamatsuji et al., 1996b) . F11 cells are hybrid cells of a rat embryonic day 13 primary cultured neuron and a mouse neuroblastoma NTG18 cell, and as one of the best immortalized cell lines for primary cultured neurons, they carry a number of neuronal traits, such as maintenance of neuronal gangliosides and generation of action potentials without any differentiation factor treatment (Platika et al., 1985) . As reported previously (Yamatsuji et al., 1996b) , when F11 cells were transfected with V642I-APP cDNA, significant amounts of DNA fragmentation, detected by TUNEL, were induced (Fig. 3A) . When 10 nM IGF-I (data not shown) or 10 nM des(1-3)IGF-I was present in the cultured medium, DNA fragmentation of V642I-APP-transfected F11 cells was drastically suppressed. We also examined whether IGF-I protects against caspase-3 cleavage stimulated by V642I-APP transfection, using catalytically negative Figure 1 . In this figure, three independent transfections were done, and the data are shown as means Ϯ SE of the three transfections. In A and B, apoptotic cells were measured. In C, nucleosomally fragmented DNA was measured by ELISA. Mock means transfection with an empty vector alone. IGFBP-3 alone exerted no toxicity (data not shown). D, Cells were transfected with or without V642I-APP cDNA and then treated with or without 10 nM des(1-3)IGF-I with the same protocol. Nucleosomally fragmented DNA was visualized in situ and stained by TUNEL. The results are representative of three independent experiments, each of which yielded similar results.
procaspase-3 (CN-procaspase-3). When F11 cells transfected with CN-procaspase-3 were cotransfected with V642I-APP cDNA, but not an empty vector, 67.8 Ϯ 8.7% (mean Ϯ SD; n ϭ 3) of CN-procaspase-3 was cleaved in an Ac-DEVD-CHOinhibitable manner. Because Ac-DEVD-CHO is a specific inhibitor of caspases, the Ac-DEVD-CHO-sensitive cleavage of CNprocaspase-3, which has no self-cleaving activity, reflects intracellular activation of caspase-3. When CN-procaspase-3-transfected F11 cells were cotransfected with V642I-APP cDNA and treated with 10 nM IGF-I, only 8.4 Ϯ 5.8% of CNprocaspase-3 was cleaved. These data indicate that IGF-I also suppresses the cleavage of procaspase-3 stimulated by V642I-APP, a process essential for induction of apoptosis.
Another system used for confirmation was F11/EcR/V642I cells, which were established by stably transfecting F11/EcR cells with EcD-inducible V642I-APP cDNA. F11/EcR cells are the stable F11 cells that express both the EcD receptor (EcR) and the retinoid X receptor (Hashimoto et al., 2000a) . When F11/EcR/ V642I cells are treated with EcD, they undergo apoptotic cell death of a clonal nature (Niikura et al., 2000) . In this system, it has been demonstrated that EcD-induced toxicity is attributable to expressed V642I-APP and through apoptosis (Niikura et al., 2000) . In F11/EcR/V642I cells, high picomolar to low nanomolar of IGF-I dose-dependently inhibited death of these cells induced by V642I-APP expression. This action of IGF-I was inhibited by neutralizing anti-IGF-I antibody (Fig. 3, right middle) . This was also the case with des(1-3)IGF-I. One nanomolar of des(1-3)IGF-I completely recovered cell viability impaired by EcD induction of V642I-APP (Fig. 3, right bottom) and abolished virtually all apoptotic morphological changes, including rounding, shrinking, and detaching from plates (data not shown). Collecting these data, it was shown that both low nanomolar IGF-I and des(1-3)IGF-I block V642I-APP-induced apoptosis in neuronal cells.
Involvement of IGF-IR in the action of IGF-I
The observed high potency of IGF-I as well as negative expression of IR in NK1 cells (see above) and F11 cells (data not shown) pointed to an intermediary role for IGF-IR. We thus examined the involvement of IGF-IR by three different approaches: (1) whether the signal inhibitors of IGF-IR block this antiapoptotic action of IGF-I; (2) whether anti-IGF-IR blocking antibody influences it; and (3) whether mutationally activated IGF-IR reproduces it. Figure 4 A shows that either 100 M genistein or 10 nM wortmannin, which had no effect on basal death rates (data not shown), significantly inhibited the anti-apoptotic function of IGF-I against V642I-APP in NK-1 cells. This was also the case in F11 cells. In these cells, either 100 M genistein or 10 nM wortmannin had no effect on basal cell death rates or V642I-APP-induced cytotoxicity (Fig. 4 B) . Under the conditions used, the transfection efficiency was estimated to be 60 -70% (Hashimoto et al., 2000a) . It thus followed that 70 -80% of V642I-APP-transfected cells underwent death for 72 hr. Treatment with 10 nM IGF-I completely protected cells from V642I-APP-induced cytotoxicity. The suppressing effect of IGF-I against V642I-APP-induced cell death was significantly attenuated by 10 nM wortmannin and by 100 M genistein (Fig. 4 B) , although inhibition by genistein was not complete. These compounds are inhibitors designed to block tyrosine kinases and PI 3-kinases, which IGF-IR activates liganddependently. Although their effects may not be exclusive for these targets, the effective concentrations of genistein and wortmannin were reasonably low in each case to selectively suppress tyrosine kinases (Akiyama et al., 1987) and PI 3-kinase (Nakanishi et al., 1992) , respectively. Considering the facts that (1) genistein inhibits the tyrosine kinase activity of IGF-IR (Taghon and Sadler, 1994) and (2) genistein does not inhibit the MEK/MAP kinases (Cox et al., 1996) , it was highly likely that to exert its suppressing action against IGF-I cytoprotection, genistein directly inhibited IGF-IR kinase, but not further downstream MEK-MAP kinases. In support of this idea, the genistein-sensitive rescue action of IGF-I was not blocked by PD98059, a specific MEK inhibitor (Fig. 4 B) .
Effects of signal inhibitors of IGF-IR
Effect of anti-IGF-IR antibody
We investigated the effect of ␣IR3, an anti-IGF-IR monoclonal antibody that blocks binding of IGF-I to IGF-IR but has little affinity for IR (Steele-Perkins and Roth, 1990; Kato et al., 1993) . Figure 4C shows that a low concentration of ␣IR3, which has been shown to totally antagonize the mitogenic action of IGF-I (SteelePerkins and Roth, 1990), nullified the anti-apoptotic action of IGF-I in NK-1 cells, whereas normal IgG had no effect (data not shown). ␣IR3 per se did not affect V642I-APP-induced apoptosis. Because it had been thought that this antibody recognized only human and rodent IGF-IR, we confirmed that ␣IR3 recognizes monkey IGF-IR in NK1 cells. The data showed that ␣IR3, not normal IgG, precipitated an ϳ100 kDa phosphotyrosine protein from NK1 cell lysates only after stimulation by 10 nM IGF-I (Fig. 4C, right panel ) , suggesting that this protein was IGF-IR ␤ chain precipitated with its ␣ chain by ␣IR3. These provide evidence that ␣IR3 recognizes monkey IGF-IR.
We performed similar experiments in which the IGF-Iantagonizing effect of ␣IR3 was examined in F11 cells transfected with 0.5 g of V642I-APP cDNA. In this system, V642I-APPinduced cytotoxicity was totally suppressed by 10 nM coexisting IGF-I. The death-suppressing action of IGF-I was dosedependently nullified by ␣IR3: the antagonizing effect of ␣IR3 reached complete at ϳ10 nM, a low concentration similar to that of employed IGF-I. Although it has been reported that IGF-Imimetic action was observed for growth promotion by high concentrations (ϳ100 nM) of ␣IR3 (Kato et al., 1993) , no such effect was observed at high concentrations of this antibody as far as (0, 1, 3, 10, 20, 50 , and 100 nM from left to right) of ␣IR3. Cell mortality was measured by Trypan blue exclusion assay 72 hr after the onset of transfection. Values indicate means Ϯ SD of three independent experiments. In IGF-I-treated, V642I-APP-transfected cells, the statistical differences of the death rates in the presence of Ն1 nM ␣IR3 are significant against the death rate in the absence of ␣IR3 ( p Ͻ 0.01 by Student's t test). E, NK1 cells were transfected with wtAPP or V642I-APP cDNA with or without V922E-IGF-IR (V922E), V922I-IGF-IR (V922I), or wtIGF-IR (wt) cDNA. Forty-eight hours after transfection, the incidence of apoptotic nuclear changes in APP-expressing cells was measured. V922E-IGF-IR is demonstrated to be constitutively active in receptor tyrosine kinase activity, IRS-1 phosphorylation, and PI 3-kinase activation. V922I-IGF-IR is a negative control mutant. The same experiments were repeated three times independently, and the data are presented as means Ϯ SE. p Ͻ 0.01 by Student's t test. n.s., Not significant. IGF-I protection against cell death was concerned. Consistent with the Northern blot analysis data that F11 cells expressed mRNA of IGF-IR, but little of IR (data not shown), these data suggest that IGF-I protects against V642I-APP-induced death in F11 cells through IGF-IR.
Effect of mutationally activated IGF-IR
We next examined the function of V922E-IGF-IR in the absence of IGF-I. This IGF-IR mutant, carrying a point mutation V922E in its transmembrane region, exhibits constitutively augmented tyrosine kinase activity in its ␤ chain and acts as a constitutively active IGF-IR (Takahashi et al., 1995) . By cotransfecting this mutationally activated IGF-IR cDNA, V642I-APP-induced apoptosis was drastically blocked (Fig. 4 E) . In contrast, cotransfection of a control mutant V922I-IGF-IR, whose tyrosine kinase is not constitutively active (Takahashi et al., 1995) , had no antagonizing function. Cotransfection of wtIGF-IR cDNA seemed to slightly suppress apoptosis. However, this effect of wtIGF-IR was only weakly significant against apoptosis without IGF-IR ( p Ϸ 0.03 by Student's t test), whereas this might suggest the presence of a basally active fraction in wtIGF-IR (and its absence in V922I-IGF-IR). In these cotransfection experiments, there was no difference in the expression of V642I-APP (data not shown). These data indicate that IGF-IR could sufficiently protect cells from death induced by V642I-APP.
DISCUSSION
We have herein shown that IGF-I action protects cells from apoptotic toxicity by the FAD-associated V642I mutant of APP in NK1 cells, F11 cells, and F11/EcR/V642I cells. IGF-I has so far been shown to serve as an anti-cell death factor in a number of systems (D'Mello et al., 1993; Harrington et al., 1994; Sell et al., 1995) ; but this is the first report that defines the antagonizing action of IGF-I on FAD gene-caused cell death. This study also shows that IGF-IR acts as the target of IGF-I cytoprotection against AD-relevant insults. Based mainly on the relatively higher potency of IGF-I compared with IGF-II, Dore et al. (1997) inferred that IGF-IR is involved in the action of IGF-I against A␤-induced neuronal death. As the first report demonstrating anti-cell death function of IGF-IR, Sell et al. (1995) assigned IGF-IR in the IGF-I antagonism against etoposide-induced apoptosis in fibroblasts. In the present study, the actions of inhibitors further suggest that the downstream target of IGF-I could be the intracellular signaling pathways of IGF-IR involving tyrosine kinases and PI 3-kinases. Their involvement was also supported by the action of V922E-IGF-IR. This mutant IGF-IR exhibits constitutively augmented receptor tyrosine kinase activity and activates the IRS-1-PI 3-kinase cascade and glucose uptake without binding to IGF-I, whereas it does not turn on the Ras-MAP kinase pathway or thereby could not stimulate cell proliferation at all in the absence of IGF-I (Takahashi et al., 1995) . Therefore, considering the versatile functions of Akt, the downstream Ser-Thr kinase of PI-3 kinase, including inhibition of cytochrome c release (Kennedy et al., 1999) , inhibition of BAD, caspase-9, or a Forkhead transcription factor by phosphorylation (Zha et al., 1996; Datta et al., 1997; Cardone et al., 1998; Brunet et al., 1999) , posttranslational modification of a cytosolic factor downstream of cytochrome c and upstream of caspase-9 (Zhou et al., 2000) , inhibition of the transcriptional activity of p53 (Yamaguchi et al., 2001) , or transcriptional activation of Bcl-x (Suzuki et al., 1998; Leverrier et al., 1999) , the observed cytoprotection by V922E-IGF-IR suggests that activation of the PI 3-kinase-Akt cascade would be essential for IGF-IR to execute anti-apoptosis against V642I-APP through a Ras-independent mechanism. This idea is not only consistent with multiple reports (Yao and Cooper, 1995; Mockridge et al., 2000) that activation of PI 3-kinase, not of the Ras/Raf/MEK/MAP kinase cascade, is essential for receptor tyrosine kinases to antagonize apoptosis in various kinds of cells, but consistent with the study of Kulik et al. (1997) showing that anti-apoptotic signaling by IGF-IR is mediated by PI-3 kinase and Akt.
The pathogenesis of AD has so far been discussed mainly from the viewpoint of offending factors, insults that could account for the pathophysiology of AD, such as A␤ or excitotoxins. However, recent studies have begun to specify the protective actions of neurotrophic factors, including IGF-I (Dore et al., 1997 ; this study), activity-dependent neurotrophic factor (Gozes and Brenneman, 1996; Guo et al., 1999) , and basic FGF (Guo et al., 1999) , and suggest that (1) the human body is equipped with a defense mechanism against the processes of AD; and (2) the pathology of AD may not be a simple result of offending processes but a result of confrontation between offending and defending mechanisms. IGF-I is a polypeptide normally circulating in plasma, mainly produced by the liver but also produced by a number of tissues in a paracrine manner. The major form of IGF-I produced by the brain seems to be des(1-3)IGF-I (Sara et al., 1986) . IGF-IR is expressed in a variety of tissues, including the brain. Therefore, IGF-I or des(1-3)IGF-I can act as an in vivo defense mechanism through IGF-IR. There is a basic question of why the onset of AD in patients with V642 mutations in APP occurs around the fifth decade of life (Rossor et al., 1993) , despite the fact that these mutations, present in APP throughout life, induce rapid neurotoxicity in vitro (Yamatsuji et al., 1996a,b; Giambarella et al., 1997a; Hashimoto et al., 2000a; Niikura et al., 2000) . A simple interpretation, based on the antagonizing action of IGF-I and IGF-IR, is that during the period when the defense system is functional, no neurotoxicity occurs, but that after the function of IGF-I is impaired in the fifth decade of life, the clinical onset of AD may occur in individuals expressing the V642 mutant of APP. In support, plasma IGF-I bioactivity continuously decreases with aging (Johanson and Blizzard, 1981; Rudman et al., 1981; Florini et al., 1985; Zapf et al., 1990) . Also, abnormal decrease in IGF-I production may facilitate or increase the risk of the onset of FAD. Consistent with this idea, Mustafa et al. (1999) reported that decreased IGF-I production is associated with FAD caused by K595N/M596L mutant APP.
The present study also suggests that IGF-I could be envisaged as a basis for developing therapies for AD, as Dores et al. (2000) have so far argued. Yet the observed inhibition by IGFBP-3 of the protective action of IGF-I suggests that the potential usefulness of IGF-I itself may be limited. Some IGFBPs, chief among them IGFBP-3, circulate in the plasma. IGFBPs are also produced locally. Therefore, intravenously administered IGF-I may be captured by IGFBPs, potentially resulting in attenuation of its cytoprotective activity. However, the present study further notes that IGFBP-nonbinding forms of IGF-I could be effective alternates for therapeutic administration. Although this idea seems attractive, it should be stressed that IGFBP-nonbinding forms of IGF-I have only a short half-life in the body (Gillespie et al., 1996) . Another therapeutic intervention that circumvents the IGFBP inhibition could be virus-mediated transfer of V922E-IGF-IR, which functions independently from IGF-I and IGFBP. In addition, V922E-IGF-IR has an additional advantage over IGF-I. As the major action, IGF-I stimulates cell growth in various tissues. Overproduction of IGF-I causes gigantism or acromegaly caused by overgrowth of skeletal tissues. Furthermore, IGF-I has growthstimulating effects on neural progenitor cells (Aberg et al., 2000) and astrocytic brain tumors (Glick et al., 1997) in the adult nervous system. In contrast, V922E-IGF-IR does not stimulate cell proliferation but exerts glucose uptake and cytoprotection (Takahashi et al., 1995; this study) . Therefore, gene transfer of V922E-IGF-IR may be more suitable in aiming at selectively suppressing cell death with minimal unwanted effects of IGF-I. The present study thus provides a molecular clue not only to the understanding of the pathophysiology of AD but also to the development of its potential treatments.
